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ABSTRACT
Defect formation in aerospace components is studied, particularly in regions of directionally
solidified casting with stepwise increase in cross-section, which is a typical geometric
configuration for such components as turbine blades. Given the fact that the geometry of a
casting is directly related to probability of defect formation, special attention was paid to
grain defects in regions of cross-sectional change (platform regions). Mathematical and
physical modelling were employed to describe directional solidification and to obtain
overall understanding of different or key aspects involved in the directional solidification
process. Aluminum-4.5wt%Copper alloy was used for physical modelling; mathematical
models were made both of the Al-Cu system (for correlation to the physical model) and of
In718, a nickel-based superalloy (for correlation to actual defective parts examined).
Although characteristically different, analysis of the solidification pattern of the two
materials showed some commonalities, such as primary dendritic growth orientation and
location of defect formation. The combination approach to modelling, employing both
mathematical and physical methods, led to a good understanding of the process, and
increased the ability to design new configurations whose solidification patterns promote
single crystals with minimum defects.
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NOMENCLATURE
A = surface area
A = growth kinetics constant
a = thermal diffusivity
3 = thermal expansion coefficient
Co = initial composition
C, = eutectic composition
CL = composition at liquidus
C = specific heat
Cs  = composition at solidus
C, = volumetric heat capacity
D = diffusivity
d = lateral extension of cross-section
Ei = exponential integral function
c = emissivity
G = thermal gradient
Go = solutal gradient
Gr = Grashof number
F = Gibbs-Thomson coefficient
g = gravity
y = surface tension
Iv = Ivantsov function
k = thermal conductivity
k = partition coefficient
L = characteristic dimension
X, = primary dendrite trunk spacing
,X2  = secondary dendrite arm spacing
MI = constant for X, calculation
M 2  = constant for .2 calculation
m = slope of liquidus
t = viscosity
Nu = Nusselt number
v = kinematic viscosity
Pe = Peclet number
Pr = Ptandtl number
R = radius of dendrite tip
Ra = Rayleigh number
Re = Reynolds number
p = density
q = heat flux
ASf = volumetric entropy
= Stefan-Boltzmann constant
T = temperature
To  = initial temperature
T, = wall temperature of furnace
AT = lateral temperature difference
AT = undercooling
ATo  = solidification interval of alloy
AT1  = primary undercooling
AT 2 = secondary undercooling
4t = local solidification time of alloy
I = decay time (turbulence)
u = relative velocity of fluid
V = volume
v = Eglobal solidification speed
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1. INTRODUCTION
1.1 Modelling of Casting of Aerospace Alloys
Technology plays many important roles in materials proessing today, especially in
manufacture of aerospace parts, since they require precision to produce, which can be
improved with technology-aided processing methods. Although production of aerospace
components have benefited greatly from recent technological advances, there still remain a
number of important ways in which technology can help to improve further the efficiency
and the quality of production. A very effective and efficient way is to predict intelligently
the quality of cast parts before making any substantial changes in actual manufacture lines
by simulating, or modelling, a critical step of a manufacturing process.
Two kinds of modelling are generally used: physical (sometimes called
experimental) and mathematical (computational). Physical modelling usually employs a
processing system similar to an actual process, the main differences being the scale of the
system and/or the materials used (for cost reasons or for better observability).
Mathematical modelling is generally done with the help of a computer, which can perform
complicated calculations very fast, al,_ a ,s as the basis of simulation equations relevant to
the mechanism or physical phenomena taking place in the system being studied.
These two methods, when used together, can provide a great amount of useful
information on the system being studied. Displaying the procedure and effectiveness of a
joint modellilng method, by using the case of directional solidification of aerospace alloys,
is one of the main purposes of this thesis. In addition, this paper suggests a time-
efficient yet accurate way of modelling by this combination approach so it can be a practical
addition to academia- and industry- oriented studies involving modelling.
A number of studies have been done using modelling to examine casting of
aerospace alloys, some of which have been by General Electirc-Wright Patterson
Laboratory, DARPA, and Howmet. This thesis is based on a research project carried out
for a consortium on casting of aerospace alloys, organized and sponsored by the National
Institute of Standards and Technology. A task for the consortium was to devise a way to
combine both macroscale and microscale modelling of solidification; that is, to establish a
method which deals with the solidification process both on a macro-scale with such issues
as bulk fluid flow and heat transfer, and on a micro-scale, involving solutal diffusion,
dendrite formation, and heat conduction. This comprehensive approach is more efficient
and effective for gaining overall understanding of the casting process than using only one
type of analysis.
This thesis investigates the making of investment cast alloys by directional
solidification. In order to have good high temperature creep properties, many aerospace
alloys are directionally solidified. Single crystal structure in directional solidification is
achieved either by planting a "seed" in the bottom part of the mold or by using a grain
selector, a spiral-shaped cavity in the bottom of a casting, to be cut away afterwards, that
selects geometrically one orientation of grain over others.
In investment casting, molten metal is poured inside a mold, usually with complex
geometrical shapes. Then a temperature gradient is imposed along the length of the casting
by a surrounding furnace, parallel to the desired direction of grain growth. Then the
casting is moved along the direction of the desired grain growth (for turbine blades, this
direction of casting withdrawal is called "stacking axis of turbine blade"), i.e., along the
direction of the temperature gradient. Solidification then takes place via transport
mechanisms such as heat and mass transfer. Application of appropriate processing
conditions such as the withdrawal rate of the casting and temperature gradient will help
minimize defect formation.
Another goal of this thesis is to examine directional solidification of aerospace
alloys, specifically, an aluminum-based alloy and a nickel-based superalloy, studying
defect formations in regions of sudden cross sectional changes. This stepwise cross-
sectional change is a typical geometric configuration for a number of aerospace components
such as turbine blades. A way to study formation of defects is to concentrate on transport
phenomena involved in solidification. This is done here by combining the two modelling
methods described above, with the addition of an analytical approach based on relevant
dimensionless numbers describing transport phenomena.
Many defects can form during a manufacture process of aerospace components.
Defect formation can slow down the production rate and at the same time increase the cost
involved, since as a rule defect parts are discarded and not re-melted for recasting. In
order to determine ways to minimize defects, a good understanding of detect formation
mechanisms is necessary. One of the main objectives of this thesis is to gain such
understanding on some of the defects, namely, those associated with a sudden change in
cross-section, specifically in the platform region which is typical on the geome Ty of a
turbine blade. This is achieved by combining physical and mathematical modelling.
Figure 1-1 displays a schematic sketch of a turbine blade with common grain
defects [1]. For example, bi-grains form when more than one grain emerges from the
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grain selector, the spiral-shaped part at the bottom of the mold. Secondary grains form
mainly as a result of a new nucleation from the melt, separate from the primary grain.
Other defects include: freckles (on the upper right part of the figure); recrystallized grain
(shown as a cluster of little dots beneath the platform region); and sliver (in the center).
The point of interest in the structure for this thesis is the platform region, usually
prone to defects due to stray grains and zebra grains. A stray grain usually forms as a
result of dendrite: remelting due to local concentration gradient and undercooling. Zebra
grains, usually originating from stray grains [2], are highly reflective, and can be detected
visually upon close visual examination of the platform region.
In this thesis, directionally solidified turbine blade parts prone to defect formation
due to a sudden increase in cross-section were studied in the following manner. First, the
casting process was modelled physically. Next, the solidification phenomena were
examined using relevant equations of heat and mass transfer describing the system on a
macroscale.
Then computational modelling of the solidification process was performed using a
computer simulation software called ProCASTTM, as suggested by the consortium, with a
focus on macoscale solidification phenomena. First, the solidification process was
simulated with the values obtained from the physical modelling in order to observe
numerically and understand the solidification phenomena in the physical model, then by
varying some of the processing conditions used in the experiments in order to determine a
set of optimum processing conditions which would help minimize defect formation, thus
improving the overall quality and efficiency of production.
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1.2 Materials for Analysis
Figure 1-2 shows high temperature strength of various elements with melting
temperature[3]. The higher the melting temperature of a material, the costlier and more
difficult it is to handle it. Therefore, materials with good high temperature strength as
well as relatively low melting temperature are desirable for study as well as manufacture.
Aluminum, while having a relatively low melting point, exhibits a relatively high strength
compared to elements with similar melting points. Similarly, nickel has very good high
temperature stren th for its melting point.
Two materials, an aluminum-copper alloy and a nickel-based superalloy, were used
for modelling. The Al-Cu alloy's copper content was 4.5 wt% and was manufactured
expressly for this research at the National Institute of Science and Technology in
Gaithersburg, Maryland. It was used in the physical modelling done at NIST and served
as a representative alloy for dendritic arm spacing and undercooling calculations in the
analytical section, as well as providing the starting point for computational modelling. A
potentially big problem with using an aluminum alloy was its tendency for easy oxidation,
and an experimental method was necessary which would minimize its coming into contact
with oxygen while in a molten state (further discussed in Chapter 2).
For a nickel-based alloy, Inconel 718 was chosen, largely because it is one of the
materials that are actually used for turbine blade manufacture. As shown in Table 1-1,
IN718 is about 5;3% Ni (base metal), with Cr and Fe as major components.
Table 1.1. Composition of Inconel 718 [4].
Ni 52.5%
Cr 19.0%
Fe 18.5%
Nb 5.1%
Mo 3.0%
Ti 0.9%
Al 0.5%
Cu 0.15% max
C 0.08%
IN718 was used as the high-melting-point material in the computational analysis, as well as
in sensitivity analysis using dimensionless numbers and radiation-based solidification time
calculation.
The overall modelling procedure using these two materials was as follows. First,
physical modelling with the Al-Cu system, the cast samples were examined for structure
and defects. Also, defect parts made of In718 from an actual manufacture line were
examined for defect distribution. Then, order of magnitude analysis (with dimensionless
numbers) was done to describe the experiments of the physical modelling, as well as to
predict the behavior of In718 by determining the nature of its fluid flow under various
processing conditions.
Next, computational simulation was performed using a geometry based on that of
the physical modelling. For Al-Cu, the values obtained from the experimental setup and
the numerical analysis were used first to test and verify the accuracy of the simulation
program, followed by changes in some of the processing conditions in order to observe
effects of different processing parameters such as temperature gradients and to determine
an optimum set of processing conditions. Solidification of In718 was simulated, some of
whose initial values were modified from those of the Al-Cu runs. Then changes were
made in some of the parameters. Finally, necessary changes to the solidification procedure
was determined, such as temperature, solidification speed, and the geometry.
2. PHYSICAL MODELLING
2.1 Introduction
The experimental component of the research was mostly carried out at the National
Institute of Standards and Technology in Gaithersburg, MD, with the direct supervision of
Dr. R. J. Schaefer. The main component of the experimental work was physical
modelling of directional solidification in casting of aerospace alloys, with Al-4.5%Cu as
the metal and alunmina as the mold material. Additional work includes: optical microscopic
analysis of the cast parts; and examination of defects found in actual parts from actual
manufacture lines.
The physical model served as a starting point of the research, yielding values for the
casting conditions such as the geometry, initial temperatures, temperature gradients, cast
and mold materials and their properties, and solidification speed, which were later used in
numerical analyses, including the computer simulations presented in this thesis. Another
important purpose of the physical model was to generate sample castings with cross-
sectional changes to be examined for dendritic growth pattern and location of defects on the
platform region with a cross-sectional increase, as will be described in more detail
subsequently in this chapter). These results were later compared to the solidification
patterns obtained by computational simulations. Also to be noted were any similarities
between the experimentally cast parts and the manufactured parts in regards to defect
formations and the relative orientations of primary and secondary grains.
It shouldl be stressed that no attempt was made to establish an accurate similarity
(dynamic, thermal or geometric) between the system selected in this experimental part (i.e.,
Al-Cu) and the actual system (i.e., investment casting of Ni-based turbine blades). This is
because these experiments were established as a preliminary effort to gain some overall
understanding of the defect problem by using a system with a low melting point.
Additional analysis was performed on the manufactured parts that were mostly
turbine blade parts with platform regions defects. Areas on the platform section of the
parts, where most visible defects such as stray grains and zebra grains were located, were
examined using X-ray diffraction as well as SEM. The main purpose of this investigation,
in addition to providing the basis for comparison for the experimental parts, was to
establish any patterns in the location of a defect and its orientation relative to the main
dendritic structure.
2.2 Furnace Setup and Specifications
Physical models were built to describe the directional solidification process, which
were performed using a vertically moving furnace (Figure 2-1). The furnace had a
cylindrical cavity of approximately 5/8" in diameter at its center. The temperature of the
furnace was monitored with seven thermocouples, one of which, placed in between the
inner furnace wall and the outer mold wall, was used to control the set temperaulce
automatically (Figure 2-2). The vertical position of the furnace, which moved with respect
to the stationary mold, was also automatically monitored. The speed of the movement of
the furnace itself could be varied, upward or downward, from 0.05 to 0.4 cm/min. Water
ran through the bottom of the furnace as a coolant. The temperature fluctuation was
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usually within :±1 K, except for some irregular fluctuations of a bigger magnitude which
seemed to be the result of any changes in the flow rate and/or the temperature of the cooling
water. The vertical length of the hot zone of the furnace was approximately 20 cm, while
the chill zone was 9 cm long.
The molds, made of alumina tubes, included an additional fixture at the bottom end,
made of machinable ceramic, whose purpose was to provide horizontal cross sectional
variation in the mold. The two components of the mold were glued together, then was
fired to seal where the glue had been applied. Figure 2-3 illustrates the bottom part of the
vertical cross section of the mold with solidified metal inside. The outermost vertical lines
indicate the inner wall of the furnace. The white part corresponds to the mold. As seen in
the figure, the thickness of the mold wall was a little less than 1/16" on the side and thicker
on the bottom and around the lower part of the casting. The lengths of the tubes were
usually between two and three feet. The top of the tube was attached to a vacuum pump
that would keep the space above the molten metal at a near vacuum state (-10-6 atm.)
except when argon gas with pressure of one to two psi was injected to keep the molten
metal down at the bottom of the mold. The height of the molten metal was usually on the
order of 15 to 20 cm.
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2.3 Test Runs
The automated temperature control program recorded data from the seven
thermocouples as well as the vertical moving position of the mold during the experiments in
relation to a fixed point of the furnace. The exact temperature distribution of the furnace
wall was determined by varying the control temperature, corresponding to one of the
thermocouples attached at the point in the furnace communicating with the temperature
controller. The rest of the thermocouples were only used as sensors for recording.
It was found, after runs with an empty mold with four different control
temperatures ranging from 6500C to 8000C, that the highest temperature for a run with a
given control temperature was usually 500C- 1000C higher than the control temperature,
located 1-2 cm below the position of the control thermocouple (and therefore where the
temperature was kept at the control value). It was also found that 7000C and 7500C as
control temperatures produced very similar distribution curves, i.e., with similar gradients.
Next, observations were made for the lateral temperature difference between the
inner furnace wall, the mold wall, and inside the casting, all of them with the same vertical
distance. Two thermocouples were placed, one in the center of the casting and the other
one on the outer wall of the mold, respectively, at the same vertical position, in order to
observe the change in temperature. It was found through several heating cycles that the
temperature gap between the two sides of the mold wall for a given height varied depending
on the temperature. That is, at lower temperatures, the outer mold wall was at a slightly
higher temperature than the center of the casting, and the reverse was true for higher
temperatures. The temperature range in which this change occurred was a little above the
liquidus of the Ad-Cu alloy.
higher temperature than the center of the casting, and the reverse was true for higher
temperatures. The temperature range in which this change occurred was a little above the
liquidus of the Al-Cu alloy.
Next, to observe the effect of the molten metal in the mold on the temperature
distribution, and to verify casting conditions such as the gas pressure and solidification
speed, test runs were performed using soldering wire made of antimony-tin alloy. For this
low-melting alloy, both alumina and glass molds were used, the latter enabling visual
observation of the cast piece without having to cut open the mold. After the processing
conditions were verified, the aluminum-copper alloy was introduced for the experiments.
2.4 Casting and Optical Examination of Al-4.5%Cu
The alloy used for the experiments was made on the premise according to the
specifications of 95.5wt% aluminum and 4.5wt% copper, in a cylindrical shape with the
diameter slightly smaller than the inside diameter of the mold. The general procedure of
experiments was as follows. First, a rod of Al-Cu alloy was cleaned, then cut to a desired
length. Then the rod was placed in the mold, which in turn was placed through the
furnace and attached to the gas pump at the top. The furnace, which was kept at
approximately 2000C, was then heated up to the set point, for which 750 0C proved to be
the most effective among the temperatures tested. The linear temperature gradient in the
furnace for the melting range of the Al-4.5%Cu alloy was 65 to 70 K/cm in the vertical
direction of the furnace (Figure z--,).
After being held stationary once the set temperature was reached, the furnace was
moved down at a constant rate, usually of 0.22 cm/min., heating the alloy. As the alloy
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Fig.2-4. Temperature distnbution in furnace. Control temperature of 7500 C
yields thermal gradient of app. 65 K/m in the melting range of
A1-4.5%Cu.
was being heated, argon was blown into the mold from the top three times, pushing the
molten metal to fill in the smaller cross section at the bottom of the mold which had not
been occupied by the solid rod of the alloy. The reason for starting the experiment with
the solid rod as opposed to pouring the alloy in its molten state into the mold was to prevent
it from oxidizing, which would lead to formation of secondary grains along the boundary
of the casting during the solidification stage.
When the part of the furnace that corresponded to the melting point of the alloy had
reached a small distar.ce below the bottom of the mold, the furnace was held stationary for
approximately 20 minutes. Then it was raised at a constant rate which varied from one run
to the next until the optimal velocity of approximately 0.15 cm/min. was found. This
speed is a bit slower than the value of 0.1 mm/sec, or 0.6 cm/min., used in the study by
Rappaz et al. [5] presenting the relationship between the lateral extension of a cross section
and the degree of resulting undercooling of dendrites.
After the furnace was raised enough to be believed to have solidified all of the
metal, the temperature of the furnace was lowered. Usually the mold was taken out from
the furnace when the control temperature reached 2000C or so, then it was quenched with
room temperature water. The mold was then cut parallel to its circular cross section using a
diamond saw to various heights. Some cast parts were then cut vertically (either once or
twice) to show the longitudinal cross section. At least two to three such sections
(longitudinal and transverse) per run were mounted in epoxy and were observed with
optical microscopes after being polished and sometimes etched. The etchant used was
Keller's agent.
2.5 SEM and XRD analysis of defect parts
This section describes the additional laboratory work performed in conjunction with
the physical modelling, namely the investigation of platform-region defects, such as stray
grains and zebra grains, of turbine blade parts from actual manufacture lines. The
information obtained from this analysis was used to help determine the probability of
locations of such defect formation and the extent of misorientation of these defect grains
relative to the orientation of the primary grain.
Microscopic measuring devices were used to examine defective parts, provided by
Howmet and PCC airfoils. After locating areas of high defect density by optical
examination, small parts of interest (Figure 2-5) were cut off in order to fit in SEM and
XRD chambers, then mounted, polished, and etched for suitable visibility of stray grains.
At NIST, electron backscattering pattern (EBSP) analysis of zebra grains, with SEM, was
done by R. J. Schaefer for determination of the angles between the stack axis of the
casting and the [001] direction of the primary dendrite as well as the misorientation of the
zebra grains to the primary dendrite growth direction.
Next, X-ray analysis using Laue diffraction was done to try to determine the
orientation of [010] and [100] axes. First, a larger triangular piece was cut from a
defective component, two of whose sides were composed by outer edges of the platform,
with approximately 1 cm thickness. The cut surface, which formed the base of the triangle,
was approximate:.y 10 cm long, and the height of the triangle was approximately 8 cm
(Figure 2-6). After being mounted in a holder with the bottom surface of the platform
facing the film, nine points were examined for misorientation angles. The outer corner of
the platform being the top of the triangle, five points were marked, with a 1-cm interval,
down the center of the triangle from the tip. Then, two points, also with a 1-cm interval,
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were marked on either side of the lowest vertical mark, forming a reversed T. From the
pictures taken of these nine points, the angles relative to the normal direction of the
mounted sample, which in turn was tilted by a few degrees from the normal axis of the
blade, i.e., the primary growth direction, were measured.
2.6 Results and Discussion
In the directionally solidified crystal samples of Al-Cu in the physical model, the
primary dendrite arms usually propagated in the direction very close to that of the
solidification (normal to the bottom of the mold). This is in good accordance with parts
from actual production lines, whose misorientation angle between the direction of
solidification and the direction of the primary dendritic growth is under 100.
Figures 2-7 through 2-9 show the optical microscope pictures of various samples in
various magnifications. The white lines correspond to the dendrite branches growing on
(001) planes. The angle between the direction of solidification, i.e., the [001] axis of the
casting, and the primary growth direction of dendrites ranged from 100 to 18'.
Furthermore, in general, the dendrites started out relatively small at the bottom of the
casting, grew larger and more defined in the middle, then became less distinctive near the
top.
In an actual manufacture line, the beginning of the mold is usually attached to a
spiral-shaped grain selector, which selects one direction of dendritic growth among many
that form in the initial stage of the solidification. Such grain selection was not done in the
same manner in the physical models. However, examination of the beginning parts of the
Fig.2-7. Optical Microscopy of a longitudinal cross-section of Al-4.5%Cu.
Magnification=6.5.
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Fig.2-8. Optical Microscopy of a longitudinal cross-section of Al-4-5%Cu near
the end of the solidification process. Magnification=12.
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Fig.2-9. Dendritic structure of A1-4.5%Cu near mold comers.
Magnification=25.
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castings indicate that one dendritic direction is dominant well before the solidification front
reaches region of cross sectional change.
Figure 2-7 shows most clearly the formation of stray grains on the bottom part of
the larger cross; section. In this particular sample, it appears that secondary grains with
two different compositions, as indicated by the white part on both sides of the cross-
sectional increase and the black part at the outer edge of the right corner. The black part
seems to be a contaminated part, whether by oxidation or a chemical reaction with the glue
material in the mold. The white regions, however, appeared consistently in most of the
samples, and could be assumed to be grains formed due to undercoolings in these regions
during solidification. The general location and shape of these white areas were later
compared to the solidification front pictures from the computational simulation runs.
When the increase in the cross-section occurs, the dendritic structure that has been
growing primarily in one-dimension suddenly encounters a region where two primary
growth directions are possible. At this point, the platform region has greater heat flux than
the bulk of the casting, due to the heat flow to the mold. According to the principles of
heat transport phenomena, this leads to accelerated local growth of dendrites, which means
that any grains present in that region, whether by nucleation by undercooling or by dendrite
remelting, will grow faster than the primary dendrite. In turn, this can lead to sizable
defects due to stray grains or zebra grains (which are usually originated from stray grains,
according to study by Schaefer et al. [6]).
The additional EBSP analysis of ýhe defect parts revealed that, the degree of
misorientation of zebra grains in actual cast parts from actual production lines, formed
between the outer edge of the platform section and the center part of the casting, is on the
order of 5 to 10 degrees. Figures 2-10 and 2-11 show the distribution of the
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Fig.2-10. Locations of zebra grains on the platform of turbine blade. Misoriented
grains originate from sharply defined straight line (indicatd by dotted lines
here). The numbers correspond to points for electron channeling as shown
shown in Fig,2-1 1.
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Fig.2-1 1. Degree of misorientation of zebra grains.
surface is at the center of the diagram.
The normal to the platform
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misorientation angles of the zebra grains. The angle between the direction of the primary
dendritic growth,, denoted by point #15, and the direction normal to the surface of the
platform, i.e., the overall growth direction, was found to be under 10 degrees. This was
in accordance with the lower-end values of the misorientation angles from the experimental
runs.
Table 2-1. Values of misorientation angle for points shown in Figure 2-6.
Point # Misorientation angle (0)
1 6
2 5.6
3 5.5
4 5.3
5 5.8
6 5.7
7 5.3
8 4.9
9 4.7
The XRD results were consistent with those from the EBSP analysis. As seen in
Table 2-1, the misorientation angle of these points ranges from 40 to 60, generally
decreasing as the points got closer to the center of the casting. Many of the points
examined indicated presence of more than one crystallographic orientation by producing
sets of double points that were very close in distance and thus very close in orientation.
This is shown in the XRD photographs in Figure 2-12.
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2.6 Summary
Physical models of directional solidification of aerospace alloys were made with
aluminum-4.5wt%copper alloy. The mold was made of alumina. Using a vertically
moving furnace design, a small cylindrical geometry with cross-sectional change was
produced in order to observe solidification patterns and possible defect formation in and
around the platform region with greater cross-section than that of the bulk of the casting.
The values of the processing parameters used in the physical model served as the basis for
computational simulations.
Optical microscopy of a number of cast samples revealed presence of stray grains in
the platform region, which was in good accordance with the presence of stray and zebra
grains in the platform regions of defective turbine blade parts from actual manufacture
lines. Although the actual parts were made of Inconel 718, and therefore possess
characteristics which are different from those of the Al-Cu alloy, there was a good
correlation between the two systems with respect to the orientation of the primary dendritic
growth. Additional analysis of defective turbine blade parts showed that the zebra grains in
the platform region had a small degree of misorientation relative to the primary dendritic
growth direction.
31. ORDER OF MAGNITUDE ESTIMATES
3.1 Introduction
The assumption in this order of magnitade calculation is that there be no
disturbances or turbulent effects during solidification of directional crystals. The main
goals of this estimation are: to define the similarity between the conditions in the physical
model (Al-Cu) and the prototype of actual system (Ni-based superalloy solidification in
investment casting); and to estimate the main effect of different process conditions on
promoting specific flow regimes.
Predicting analytically the outcome of any materials manufacturing process is quite
complicated, involving many calculations and requiring knowledge of many material
parameters and processing properties. Furthermore, when various units of measurement
are used, it is difficult to draw accurate comparison between analyses having different sets
of units or vastly different scales. To address this problem, the concept of dimensionless
numbers was introduced. A dimensionless number is a parametric characteristic of a
particular process, linking the processing conditions and the material(s) used by describing
relationships among relevant parameters in a system to estimate possible regimes of
operation.
A dimensionless number serves several purposes.
By eliminating the need for any attention to units or scales (that is, between values of a
dimensionless number, not within a formula), it enables easy and accurate comparison
between any set of similar systems that involve a dimensionless number even when the
systems are not identical with respect to individual processing parameters.
* For a proces;s involving multiple physical phenomena, dimensionless numbers indicate
their relative importance, which, if any, can safely be ignored in process analysis.
* Regimes of behavior of a system, such as laminar versus turbulent flow can often be
delivered for a given geometry by dimensionless numbers such as Reynolds number.
Thus, when the value of a dimensionless number is obtained, the behavior of a system
is determined with little further work.
* Very importantly, a dimensionless number calculation enables overall prediction of
changes in the general behavior of a system, without need for further modelling. This
is very useful especially when it is desired to change some materials processing
parameters, since possible changes in parameters can be easily put in to the
dimensionless number's formula. In turn, the magnitude of the dimensionless number
allows one to estimate process parameter changes required to obtain desired behavior.
Then the proposed changes can be analyzed in a computational model to observe
specific effects of the changes parameters on the behavior of the system being
modelled.
This type of asymptotic analysis was used in computational modelling (discussed in
Chapter 4), when the initial set of processing parameters did not yield desired solidification
patterns. First, it was recognized that the parameters governing the solidification pattern
of a casting lie in the relative heat transfer values in different regions throughout the
casting. Then dimensionless numbers that described heat transport phenomena were
examined for processing parameters involved. Next, among the relevant processing
parameters, those that could be varied in actual production, such as the initial temperature
profile, furnace wall temperature gradient, and heat transfer coefficient, were changed in
subsequent simulations in order to obtain the desired solidification pattern.
On the other hand, a dimensionless number can also be used when there is a need to
keep the behavior of a system constant, yet at the same time it is necessary to change one or
more of the processing parameters involved. In this case, examining the dimensionless
number that contains the changed parameters will specify whether the changes can be made
without altering the general behavior of the system. That is, if a dimensionless number
containing the changed parameters also has other parameters which can be controlled, then
it is possible to keep the dimensionless numbers and the system's behavior constant even
when individual parameters are changing. Otherwise, not all of the changes can be made
without altering the behavior of the system.
The Reynolds number determines the nature of a flow, whether it is laminar,
transitional, or turbulent, by examining the ratio of inertial forces to viscous forces. It is a
function of dimension(L), velocity(u), density(p), and viscosity(.g) of a flow. The lower
the value of the Reynolds number, the more laminar the flow. Its value increases with an
increase in L, u, or p, and with decrease in p., i.e. [7]:
Re=- p u L  ..... (3-1)
The Grashof number determines the contribution by free convection of heat in a
flow by comparing the buoyancy forces and viscous forces involved. It is this number
that illustrates the importance of the dimensional magnitudes of a system (characteristic
length) in determining the nature of a flow. The parameters used are gravity(g), thermal
expansion coefficient(3), density(p), characteristic length(L), temperature difference(AT),
and kinematic viscosity(v) [8]:
Gr- gpLp2LATGr= 2
The Prandtl number compares momentum diffusivity with thermal diffusivity to
determine the importance of forced and free convection of heat in a system. The
parameters used are viscosity(g.), heat capacity(Cp), and thermal conductivity(k) [9].
Pr Cp, .....
a k
The Rayleigh number, the product of Grashof number and Prandtl number,
examines the ratio of thermal convection to thermal conduction. The greater Rayleigh
number, the more important convection in a system; the smaller, conduction [10].
Ra=Gr-Pr= gp2L C AT  . (3
yk
3-3)
;-4)
The Nusselt number (thermal) examines the ratio of total heat transport to the
contribution by heat conduction and incorporates heat transfer coefficient(h), characteristic
length(L), and the fluid conductivity(kfluid) [11].
NU hLNU ..... (3-5)
kfluid
This number will be discussed further in conjunction with h, heat transfer coefficient, in
Section 3.5.
The Peclet number compares convectivc transport and diffusive transport, whether
heat or mass. Here, solutal (mass) Peclet number is shown [12], with mass diffusion
coefficient D, fluid velocity(v), and characteristic length R/2 (volume-to-surface area ratio
for a cylinder). Thermal Peclet number replaces D with a, thermal diffusivity
pevRP 2D ..... (3-6)2D
..... (3-2)
3.2 Sensitivity Analysis
Calculations were performed in order to establish ranges of temperature difference
and geometric scale for possible types of flow regimes during solidification.
First, aluminum was examined. The values for various properties near the melting
point were taken from literature [13]. Parameters such as density, thermal expansion
coefficient, specific heat, thermal conductivity, and viscosity were used to calculate relevant
dimensionless numbers for a system of given characteristic dimension (in the direction of
the boundary layer) and temperature gradient (in the direction orthogonal to that of the
characteristic dimension). Values for the properties of aluminum-copper that were used in
obtaining such dimensionless numbers as Prandtl number, Grashof number, and Rayleigh
number are shown in Table 3-1.
Table 3-1. Properties of molten aluminum-4.5%copper near melting point
density p = 2787 kg/m3
viscosity g = 2x10- 3 kg/m-s
kinematic viscosity v = 7.17x10 -7 m2/s
specific heat Cp = 9.63x10- 1 KJ/Kg.K
gravity g = 9.81 m/s2
thermal expansion coefficient p = 1.27x10- 4 K- 1
thermal ,onductivity k = 1.67x102 W/m-K
thermal diffusivity a = 6.22x10 -5 m2/s
Prandtl number Pr = 1.15x10 -2
Grashof number Gr = 1.67x10 9.AT-L3
Based on these numbers, values of Rayleigh number were obtained with the
characteristic dimension and temperature gradient as variables. It was expected and found
that the dimension has a greater influence on the value of the Rayleigh number than does
the temperatunm gradient. Table 3-2 illustrates this point very clearly, as well as provides
the combinations of these two parameters that would yield a transitional flow (the middle
region of the table) and a fully-developed turbulent flow. A boundary layer flow, which
characterizes the long and narrow geometry of the experimental setup, will have transitional
fluid characteristics when the corresponding Rayleigh number is on the order of 105 or
greater; for the value of 109 or higher, the flow will be fully turbulent. Because the
physical dimensions of a casting plays a very important role in the variation of the Rayleigh
number, intelligent interpretation of the data from experiments, whose scale is usually
considerably smaller than an actual product, is essential.
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Table 3-3 displays data for In718. Values for the properties used in the
calculations were obtained mainly from A. Cezairliyan of NIST at Boulder, CO. [14] and
from literature [15]:
Table 3-3. Properties of molten In718 near melting point
density
viscosity
kinematic viscosity
specific heat
gravity
thermal expansion coefficient
thermal conductivity
thermal diffusivity
Prandtl number
Grashof number
p = 7320 kg/m3
t = 4.5x10-3 kg/m.s
v = 6.14x10-7 m2/s
Cp = 1.0 KJ/Kg-K
g = 9.81 m/s2
p = 1.36x10 -4 K-1
k = 1.67x10' W/m-K
ax = 2.28x10 -6 m2/s
Pr = 2.69x10- 1
Gr = 3.53x10 9-AT.L3
The ranges of the characteristic dimension and temperature gradient that yield either
transitional or turbulent flow patterns are particularly of interest here, for the comparison to
the ranges for aluminum. By observing the values in both Table 3-1 (Al-Cu) and Table 3-
3 (In718), it is clearly seen that, for similar process parameters, Inconel 718 is much more
likely to exhibit transitional or turbulent characteristics than aluminum. Another interesting
point is that it is much more difficult, for various reasons, to run an experiment using
nickel-based alloys than aluminum-based ones. Therefore, it is important that proper
adjustments be made to the results from any physical model using aluminum or aluminum-
based alloys when drawing predictions either about the behavior of nickel-based alloys
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One factor to consider here is the difference in the level of tendency for a large
temperature grad~ient between the two systems. Given a similar set of conditions such as
the mold material, length scale and solidification speed, the larger conductivity of the Al-Cu
system will make for a smaller temperature difference within the casting than that of Inconel
718, leading to faster solidification. Indeed, as discussed in Section 4.3, the overall
solidification time for In718 in computational simulation is much larger than that of Al-Cu.
3.3 Undercoolings
Calculation was performed based on the paper by Rappaz et al. and using formulas
in Kurz and Fisher in order to establish the magnitudes of primary dendrite trunk ad
secondary dendrite arm spacings and undercoolings. The main results from the calculation
indicate that the secondary undercooling is greater in magnitude than primary undercooling
and that the amount of the difference depends on the horizontal extension of the cross
sectional area.
The radius at the tip of a dendrite can be written as [16][17]:
R=2Gc-G ..... (3-7)ImiGci -G
where F is the Gibbs-Thomson coefficient, expressed as y/ASf vol, Gc is the solutal
gradient, and G is the thermal gradient, obtained from the experimental setup. In Equation
3-7, the denominator of the fraction gives the degree of constitutional supercooling 4
(units: K/m). R can also be written as[18]:
R= 2DPe
R=-
where v is the rate of the solidification front advancement and Pe is solutal Peclet number,
expressed as[19]:
Pe = ..... (3-9)
where ATo, the solidification interval of the alloy, is the temperature difference of the
liquidus and solidus lines at composition Co, and can be determined from the phase
diagram. Given, for a binary system such as Al-4.5%Cu, whose phase diagram is shown
in Figure 3-1 [20],
TL =Tm +mC o . . .. (3-10)
mT=Tm+ -- Ck ..... (3-11)
where m is the slope of the liquidus and k is the partition coefficient,
m mC (k -1)ATo =TL -TS =mCo - o =  ...... (3-12)
k k
and, using the values in Table 3-5, the estimated dendrite tip radius R for the
process conditions in the physical model of Al-Cu is 1.03x10-5 m.
Table 3.5. Values
D
r
v
m
for Al-4.5wt%Cu used in undercooling analysis.
3.03x10 -9 m2/s
2.40x10 -7 Km
2 50x10-5 m/s
-2.78 K/wt%
and
..... (3-8)
k 0.143
Co 4.5 wt%
Ce 33.1 wt%
d 3.175x10 -3 m
G -6500 K/m
ATo
tf
74.97 K
461 s
The primary undercooling, AT1, can be calculated using the following equation
[21]:
AT, = ATc == ATo k Iv(Pe) =mCo 1 1- Iv(Pe) (1 - k)I
where ATc is the temperature difference due to solute diffusion, and Iv, the
Ivantsov function, is defined for a paraboloid of revolution of the dendrite as [22]:
Iv(Pe)= Pe -exp(Pe) -E 1(Pe) ..... (3-14)
El is the exponential integral function, which can be approximated as [23]:
E1(Pe)= - 0.577 4Pe- In(Pe)+ 4PePe + 4 ..... (3-15)
Iv(Pe) can also be written as [24]:
Iv(Pe)=
Pe +
1+
Pe
..... (3-16)
1
2
Pe + 2
1+--
(3-13)
Atomic Percent Copper
loM4Z7
0 10 20
Al
30 40 50 60 70 80 90 100
Weight Percent Copper Cu
Fig.3-1. Binary phase diagram of Al-Cu.
and, foi small Pe,
Iv(Pe) = Pe
Then,
AT1 =mCo {1-[1+ (1- k)Pe]}= mCo (k -1)Pe
= mCo (k - k)DATo k
Again, using the values in Table 3-5, the value for the primary undercooling is
estimated as AT1 = 0.458 K. Another way to write Eq. 3-18 for a given composition
illustrates the relationship between AT1 and v, the only variable in the equation for a given
composition, as [25]:
v=AAT1 2
where A, the kinetic growth constant, is obtained from Eq. 3-18:
A=DATok 1 )F "mCo (k - 1)nx
..... (3-19)
..... (3-20)
Primary dendrite arm spacing, X1, can be obtained using the following equation
[26]:
3ATOR
G• M1 -G-Y2 v- ..... (3-21)
where M1 is a constant that incorporates everything except for the variables in the
equation for a given composition:
M 1 =(6nx)/ 2
DI-ATO Y4C D
k
..... (3-22)
Using Table 3-5, 1i = 5.94x10 -4 m.
. .. .. (3-17)
... (3-18)
Knowing the primary undercooling and the lateral extension of the cross section, d,
secondary undercooling can be calculated [27]:
AT2= 13 3.d.G.v YAT 2 =y~i A )" ..... (3-2i)
Table 3-5's values yield AT2 = 2.356 K.
This value is larger than that of the primary undercooling. Also, the ratio of secondary
undercooling to primary undercooling increases with increasing d. If this value is greater
than ATn, undercooling sufficient for new nucleation, a new grain will form, which would
be a defect within the context of directicnally solidified alloys. Figure 3-2 shows the AT2
values as a function of G with varying v and constant d (from Table 3-5). These three
processing parameters have a same functional relationship with AT2, the behavior pattern
of the graphs will be the same as well for varying d with one of the other two parameters
held constant.
X2, secondary dendrite arm spacing, can be calculated as follows [28]:
2 = 5.5(M2 tf ) ..... (3-24)
where M2 is a constant that incorporates all the parameters in the equation except for
Co
M2 = - m(l1- k)(Ce -C o )
and tf is klocal solidification time, given by [29]:
AT' AT'tf = = IG. -vI
. (3-25)
..... (3-26)
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where AT', the tip-to-root temperature difference of dendrite, can be approximated as ATo.
Again, using Table 3-5, X2 = 1.18x10- 4 m, smaller than X1 but on the same order of
magnitude. Examination of Equations 3-21 and 3-26 shows that the greater the
temperature gradient and/or the solidification speed, the lower the local solidification time,
which leads to smaller dendrite arm spacing. However, the undercooling values will
increase with increasing v and G values (Eqns. 3-13 and 3-23). Therefore, varying either
of these processing parameters should be done with these competing effects in mind.
3.4 Heat Transfer Coefficient
The next analysis involved calculation of the heat transfer coefficient between the
molten metal and the mold wall. The heat transfer coefficient, while being a value
depending on a particular system, can be theoretically obtained, given a set of conditions
such as the nature of convection and the nature of the flow (boundary later or cavity flow).
The basis for the calculation of the heat transfer coefficient comes from the following
equation involving the dimensionless Nusselt number:
hLNu- ..... (3-5)Nuk
fluid
Given L and k, h can be obtained after the Nusselt number is calculated.
Since the magnitude of this number is crucial in deciding the nature of the flow, an
accurate way of obtaining the number is an important step in turbulence studies. For
processing conditions whose Grashof number is smaller than 108, the flow is assumed to
be laminar, and the Nusselt number for natural convection from a vertical plate is [30]:
Nu= hL 0.508Gr< Pr. .
kfluid (0.95+Pr) (3-27)
and for processing conditions whose Grashof number is larger than 108, the flow is
assumed to be turbulent, and the Nusselt number for natural convection from a vertical
plate is [31]:
hL 0.029Gry PrsNu= • ..... (3-28)
kfluid (i+Pr)
It was found that there is a number of variations of those equations in literature that
are appropriate for particular situations [32]. Most of these equations, under identical or
equivalent processing conditions, yield values whose range lies within the general spectrum
of the Nusselt number values used in Tables 3.6 and 3.7.
Based on these equations, the heat transfer coefficient values of both aluminum-
copper alloy and In718 were calculated whose result appear in Tables 3-6 and 3-7.
Exhibiting a good agreement with Tables 3-4 and 3-5, they also show that for a given set of
processing conditions, In718 is much more likely to act in a turbulent manner than
aluminum.
A very interesting point to note pertains to the range of dimensionless numbers that
determine the nature of a fluid and the scale of geometry of a system. It is clear from
observing the equations for the Grashof number and the Rayleigh number that the tendency
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of a flow to behave turbulently, i.e., the values of the numbers, increases as the third
power of the characteristic dimension of its geometry. However, merely designing the
geometry of a system on a smaller scale in order to avoid turbulence may not succeed. A
change in the scale of the geometry of a system may be enough to change the nature of the
flow, for example, from a cavity flow to a boundary layer flow. A such change in the
nature of the flow will in turn result in the change of the range of the dimensionless
numbers that determine the degree of turbulence in a flow. For example, a cavity flow is
generally considered to be turbulent only for the Rayleigh number greater than 109 and/or
the Grashof number greater than 108.
However, for a boundary layer flow, whose characteristic dimension is frequently
much smaller than that of a cavity flow, the threshold values of the dimensionless numbers
are significantly lower. Because of the interdependence of the processing conditions and
relevant equations, it is very important to consider all factors that contribute to the nature of
a flow when optimizing a set of processing conditions.
3.5 Radiation
The main reason that radiative heat transfer becomes important at high temperatures
is that, although it exists at all temperature range, the relationship between the contribution
by radiation increasing as temperature to the fourth power (as shown in Eq. 3-29), making
its effect increase dramatically with increasing temperature. Generally, at temperatures
above 5000 C, radiation is considered to be very important, becoming more important as
temperature increases, sometimes to the point of making contributions by all the other heat
transfer mechanisms negligible.
For in718, which solidifies at temperatures of about 640 K to 830 K above 5000C,
radiation is certainly extremely important. In order to serve as a means of verification of
computational modelling and as an aid in determining the relative effect of radiation as
compared to convection and/or conduction, calculation of overall solidification time for
In718 was performed, first modelling the system as being mostly governed by radiation.
Then the time scale thus obtained was compared to that of an actual production with
comparable scale of characteristic dimension.
In this calculation, the mold was assumed to have uniform cross section. Starting
from the equation for radiative heat transfer [34],
q= E T4 -T ..... (3-29)
which yields
Aq-(VCp) dt ..... (3-30)
TT 4 -T4 =V pCpdT
Ecr A dT
I- -dT=
pC, V T 4 T 4
. . . .. (3-31)
..... (3-32)
The time needed for Inconel 718 to go from a completely molten state to a solid state can be
calculated from above equations, assuming the radiation is the main method of heat
transfer. Calculation done in this manner showed that even ignoring the wall temperature,
i.e., setting it to 0 K, the total time for solidification was on the order of hours. (For a
cylinder with 1 inch diameter and 2.5 inch height it takes aboat 8 hours to go from 1530 K
to 1370 K with 0 K wall temperature.)
The emissivity values of the inner furnace wall and the outer mold wall were
obtained initially by literature search [33] which provided a starting point. After that the
emissivity values were adjusted and varied in order to observe their effects on the
solidification patterns. In the final models whose simulations are discussed in Chapter 4,
temperature-dependent emissivity values were used for the mold and the furnace walls.
The emissivity values range from 0.4 to 0.7 for the temperature range of 400 to 1800 K.
While this generally agrees with the simulation results (Section 4.3) where it takes
about 10 hours for the lower part of the mold to be solidified, it does not correspond to the
actual time scale observed in the manufacturing process, which is at least an order of
magnitude smaller. This suggests the following. First, radiation may not be as dominant
a method of heat transfer even at this high range of temperature, meaning, other methods of
heat transfer should be considered at the same time. There may be a sizable amount of
conduction and/or convection that needs to be taken into account. Second, effective
emissivity, reflectivity, and radiativity of surfaces involved may be considerably different
from the values used in the analysis and modelling. Third, the calculated values for heat
transfer coefficient between In718 and the mold may be different from the actual values.
3.6 Summary
In this chapter, the concept of dimensionless numbers was discussed, with specific
descriptions of those relevant to the physical and mathematical modelling of this thesis.
The Rayleigh number determines the nature of a flow in a system. It has a linear
functional relationship with the temperature difference within a casting, and is proportional
to the cube of the characteristic dimension of a casting system. The values of the Rayleigh
number were estimated for Al-4.5%Cu alloy and Inconel 718 with varying temperature
difference and characteristic length.
Concentrating on the region of a cross-sectional increase, which is a typical
geometric configuration for turbine blades, calculations were performed to estimate the
degrees of primary and secondary undercoolings and primary and secondary dendrite
spacings around the mold corner for the system used in the physical model. A large
enough value of secondary undercooling can cause nucleation in the platform region, which
in turn can lead to grain defects. A big increase in the cross-section, a large thermal
gradient, and a high solidification front speed all increase the secondary undercooling.
The ranges of the value for the heat transfer coefficient were obtained using
equations involving the Nusselt number. It was found that, for a given set of temperature
difference and the characteristic length, In718 has a greater tendency toward turbulence
than does Al-4.5cCu. In addition, radiative heat transfer was discussed, with an
estimation of overall solidification time due to radiation for In718.
The ranges of values obtained for the physical model were examined for any
accordance with thle solidification pattern results of the physical model. The values
obtained for both Al-Cu system and In718 served as the basis of some input data for
computer simulation program (discussed in Chapter 4). In addition, the solidification time
calculation using the radiative heat transfer equation was compared to the time scale of
simulated solidification runs for In718 (also discussed in Chapter 4).
4. COMPUTATIONAL MODELLING
4.1 Introduction
Although order-of-magnitude analysis provides an engineer with important insights
into the nature of a process, it is very limited in its ability to make detailed predictions about
a process, particularly where physical phenomena are as complex as heat transfer, and
nonlinear as fluid flow. For these details, we turn to the mathematical engine of a
computer. Over the last couple of decades, computer hardware and software have
developed to the point where we can perform "numerical experiments" in which we solve
for the full distributions of temperature, fluid flow and solidification front motion
throughout an entire casting. Here we take advantage of these numerical experiments to
advance the design of directional solidification casting furnaces.
In this study, such numerical experiments were first performed using the same
parameters as were used in physical experiments, in order to verify their accuracy. Next,
parameters were modified in a number of ways, including the geometry of the mold and
casting and the temperature distribution in the furnace wall.
This chapter presents an outline of the simulation procedure using the ProCASTTM
software package,, and present results of the numerical experiments thus performed.
4.2 S'mulation
The ProCASTTM software used here is divided into four modules: Mesh, in which
the user defines the problem geometry and discretization; PreCAST, which involves the
entry of material properties and other casting parameters; ProCAST, which numerically
solves the problem; and ViewCAST, which assists the user in examining the results [35].
Within the module Mesh, the general procedure for defining the problem geometry
is as follows. First, the user enters the range of the physical domain of the problem. This
includes not only the size of the casting and the mold, but in the case of directional
solidification, the range of motion of the mold relative to the furnace walls. Next, the
geometry of the system is drawn, with lines representing interfaces between different
materials such as the molten casting and the mold. Lines are also drawn to divide a material
into various sections, each of which can have different mesh spacings, which allows for
regions of interest to have higher resolution than less important regions during the
calculation. Finally, the sections are actually meshed according to the user's
specifications for mesh spacing. This part of the procedure can be omitted if the user
imports a mesh fiom another program with capacity for more complex shapes (such as
Patran, by PDA Engineering).
The geometry used for the analysis in this paper was axisymmetric, so that the
specified 2-D geometry is effectively rotated about the axis of symmetry. This means that
the figures generated by the software represent one half of a cross section of the system
through the axis of symmetry. The mold shape programmed and simulated here closely
resembles the actual physical setup discussed in Chapter 2, with slight variations on the
placement of the cross sectional increase and the overall diameter of the mold. Figure 4-1
shows the casting and mold, with and without the meshing. The left part of the figure is
x(a)
Fig.4-1. Schematic of casting geometry used in computational modelling.
(a)without mesh; (b)with mesh.
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the casting (molten metal) and the right part corresponds to the mold. The more finely
meshed regions in the casting part, such as the change in the cross-section, are the main
points of interest in the casting. The vertical line to the right of the mold is the enclosure,
which represents the inner furnace wall.
It is very important to create good geometry and the meshings, since after the Mesh
module is completed, the program records the whole setup in a file, which serves as the
reference basis for subsequent data input such as temperature, pressure, emissivity, and
velocity, in the PreCAST module. Any changes in the geometry or mesh size will
necessitate re-programming of some of the input values in PreCAST.
In PreCAST, the first step is to input the heat transfer coefficient values (h) at
interfaces. This can be programmed as a constant or as a function of either time or
temperature. Two ways of assigning h were used in this analysis: the constant h approach
with several different values ranging from 2x10 3 to 5x10 3 for Al-Cu, and from 5x103 to
1x10 4 for In718; and the temperature-dependent h method, whose values were based on
the sensitivity analysis in Chapter 3 (Tables 3-6 and 3-7). In later simulations, the heat
transfer coefficient values were modified in order to examine any changes in the
solidification pattern due to changes in the h values.
The second step is to assign materials to the sections and provide relevant materials
properties. In this analysis, the relevant properties were: liquidus and solidus
temperatures, density, heat capacity, viscosity (molten metal only), fraction solid, thermal
conductivity, and latent heat (molten metal only). Of these, density, heat capacity,
viscosity, and thermal conductivity can be either constant or a linear or quadratic function
of temperature. In addition, for fraction solid, there are standard models such as Scheil
equation that are pre-programmed and can be modified if necessary.
ProCAST comes with pre-programmed properties of a number of standard
materials, but a useful feature of this software is that the user can either input data for a new
material or change properties of an existing one by copying some of the pre-programmed
values into a new entry. Each of the pre-programmed values came with a cited source for
verification. Once a set of data for a material is created and saved, this can be used not only
by the creator of the entry but by everyone, thus eliminating the need to input data each time
a simulation of a system is carried out. In this analysis, Al-Cu alloy properties were either
taken from literature or slightly modified versions of pre-programmed Al-5.0%Cu data in
the software [36]. For In718, the values were taken from A. Cezairliyan's data [37]. For
both materials, the Scheil equation was used to determine the fraction solid as a function of
temperature. For the mold material alumina, most of the properties were taken from pre-
programmed data, with the exception of density and temperature- and porosity-dependent
thermal conductivity, which were taken from literature[38].
The third step is to set the boundary conditions on the system. This is difficult,
since these conditions are not as easily determined as the materials properties. The
necessary conditions were temperature (constant or time-dependent), ambient temperature
or view factors, emissivity, velocity, and pressure. Both systems were simulated with and
without the effect of radiation. (With radiation turned off, convection was considered the
primary mode of heat transfer.)
For Al-Cu, whose mushy temperature range goes from 5480C to 6440C, both
radiation and convection were considered important. For In718, which solidifies at a
much higher temperature of 11440C to 13340C, the effect of radiation was assumed to be
much more pronounced. The temperature-dependent emissivity values for the mold were
taken from literature [39], and the In718 data were provided by A. Cezairliyan [40].
It should be noted that because some of the data in the PreCAST stage are stored in
the permanent data bank of the software and can be re-used in subsequent runs by other
users (on the same host machine), it is important not only to enter accurate values but also
to label them in a way that makes them recognizable to other users. The more materials
data there are in the data bank, the easier it becomes to prepare for a simulation.
A number of characteristic differences distinguish Al-4.5%Cu alloy from Inconel
718. The conductivity of the Al-Cu alloy is greater than that of the nickel alloy by more
than an order of magnitude in their respective ranges of temperature for the solid state,
while Inconel 718 has higher density (by a factor of 2 to 3) and higher viscosity (by a
factor of app. 2). The specific heat is about the same for both alloys. Finally, the
temperature range (liquidus to solidus) for the solidification of Inconel 718 is much higher
than that for the Al-Cu, by about 400 K. These differences suggest that, given a set of
equivalent processing conditions such as the mold material and geometry and the speed of
the vertical movement of the casting with respect to the furnace, Inconel 718 would flow
more slowly due to its higher viscosity and there would be more of a temperature gradient
in its molten state due to its lower conductivity.
A note should also be made about the changes in the materials property values for
alumina, the mold material, for Al-Cu and In718. Between the solidification temperature
ranges for Al-Cu and Inconel 718, the mold's conductivity drops by almost 40 %, and the
emissivity decreases by about 20 %. Another difference between the processes for the two
alloys is in the heat transfer coefficients due to both the different values of the relevant
dimensionless nurrbers and the difference in the working temperature ranges. The
difference in temperature ranges will also change greatly the amount of radiative heat
generated by the furnace and the mold walls.
The next step involves radiation calculation. It requires data on enclosure,
representing the inner furnace walls in the experimental setup. This enclosure was drawn
in the geometry file at the same time as the casting, and can be used even when radiation is
not an important method of heat transfer, i.e., at low temperatures. The enclosure is
diviced into sections, so that each section can have different values of emissivity
(temperature-dependent), temperature, and velocity. The vertical movement of the
enclosure with re:spect to the casting can be represented either by making the temperature of
each section change with time, by providing an upward velocity, or both.
For Al-Cu, simulations were first m,,de with the enclosure exactly corresponding to
the actual furnace in terms of temperature range, temperature gradient values (whose
distribution varied depending on the maximum temperature, as discussed in Section 2.3),
and the speed of vertical movement with respect to the casting. In subsequent runs,
different temperature profiles were put in to observe changes in the solidification pattern.
Initial runs with In718 incorporated temperature gradient values similar to those for
Al-Cu, both for the mold and the enclosure, with appropriate adjustments in the
temperature ranges. Subsequently, variations were introduced in temperature ranges
gradients, for a large number of simulations, in order to observe effects of different
processing parameters on solidification pattern. In later runs of In718, the mold geometry
was modified from having an angled bottom to a flat bottom.
The final step in PreCAST is the entry of run parameters. These include selection
of calculation methods, size of time step, number of time steps, and selection of output data
such as temperature profile, heat flux, solid fraction, and pressure. The contents of this
step, though part of PreCAST, is stored in a separate file that can be edited without having
to re-run all of this module. With every selection made here, it is important to balance
76
between accuracy of the output and speed of the simulation process so as to make the
whole simulation process accessible and useful at the same time. Time step sizes were
varied under identical processing conditions to observe to determine the upper limit of the
time step size for accurate enough output. Also, time step intervals at which the
calculations were updated were varied.
The ProCAST module is run next to actually solve the problem, and it generates
output files which can be viewed using ViewCAST. The time required for each run,
though depending greatly on the run parameters of the program, was usually on the order
of hours. By examiining the evolution of isotherms in temperature profiles and the fraction
solid profiles, the position of the solidification front and the thickness of the mushy zone
can be determined. The heat flux profile provides information on heat dissipation
distribution.
4.3 Results and Discussion
It was found through many simulation runs that, by modifying processing
parameters, it is possible to cause changes in the solidification pattern of directionally
solidified casting, especially in the region of cross-sectional change. Specifically, changes
in the values used, such as the heat transfer coefficient, initial temperature distribution, and
temperature gradients in the enclosure, can lead to changes in the advancement pattern of
the solidification front. Modifying parameter values also leads to changes in total
solidification time and the heat flux distribution pattern within the casting.
Patterns of solidification front advancement fell into two categories depending on
the values of variable processing parameters used. An example of one category is shown
in Figure 4-2 for Al-Cu, where a secondary solidification front forms at the outer edge of
the platform growing laterally inward before the primary solidification front from below
reaches the platform. This will increase the chances for formation of separate grains from
the outer edge of the platform, growing inward. This solidification front advancement was
in good agreement with the pattern suggested by the microscopy pictures from the physical
modelling, in which secondary grains formed in corners of the increased cross-section.
The other case, as shown in Figure 4-3, also for Al-Cu, is where a single
solidification front advances upward through the main part and outward laterally in the
platform. With this solidification front advancement pattern, there is a much lower
probability of formation of separate grains around the corners of increased cross-section.
It is therefore the preferred solidification pattern over the first, although it may lead to
porosity near the outer edges of the platform. The difference between the two types of
solidification patterns is caused by differences in the processing parameters such as the heat
transfer coefficient and the initial temperature gradient within the casting (metal and the
mold) and in the enclosure.
Using the: same geometry as for Al-Cu in simulating the solidification of Inconel
718 mainly resulted in the first type of solidification pattern, i.e., the formation of a second
solidification front from the outer end of the platform region, as shown in Figure 4-4.
Varying processing parameters as in the Al-Cu simulation did little to change the overall
pattern significantly. This led to simulation runs with a change in the bottom shape of the
mold geometry in the simulation, from an angled tip to a flat one. With this change in
geometry of the mold, it was possible to generate a solidification pattern that advanced as
one line, going outward in the platform, shown in Figure 4-5. However, this method
slowed down the total solidification time even further.
(C)
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Fig.4-2. Solidification pattern of Al-4.5%Cu type 1. (a) and (b) are schematics;
(c) fraction solid plot.
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It would be very difficult to avoid defects caused by secondary and stray grains in
the finihed product for the solidification pattern shown in Figures 4-2 and 4-4, since the
movement of the second solidification front is faster than that of the main one due to faster
heat transfer in the platform region with increased cross-section. This faster heat transfer
causes the second solidification front to spread throughout most of the platform region.
That is, most of the solidified platform region will be made up of a stray grain. And the
greater the lateral extension of the platform region from the main part of the casting, the
earlier in the solidification process the second front will form. However, the relative
speeds of the two fronts may be controlled to some extent by careful choice of processing
conditions.
The second pattern of solidification front advancement (Figs. 4-3 and 4-5) has
better probabilit)y of minimizing defects such as secondary grains for the finished product.
In order to eliminate the potential for edge porosity under these conditions, a riser could be
attached to it to contain the pores, to be cut out after the solidification. Or a thin tube,
connecting the tcp section of the main part of casting to the end of the platform region,
could be inserted in order to feed more material into the region as needed, thus minimizing
pore formation.
The large number of numerical experiments in simulation of directional
solidification for Al-Cu and In718 yielded other general trends. Among them were: the
generated pictures of solid fraction, isotherms, and heat flux for the Inconel 718 had much
more crisp lines than their counterparts for Al-Cu; the size of the mushy zone was much
narrower for In718; and the total time for In718 solidification was considerably longer than
that for Al-Cu. The narrower mushy zone of In718 agrees well with observations in an
actual production process [41]. On the other hand, although longer solidification time is in
good agreement with the time scale obtained in Section 3.6, it does not correspond well to
actual process, in which In718 has a much smaller solidification time. This longer
solidification time given by the radiation-based method of calculation and simulation
suggests that convective and conductive heat transfer may be more significant than expected
for this temperature range, which may indicate the presence of turbulence in the system.
Another factor, though not as significant, may be the air flowing between the outer
mold wall and the inner furnace wall. If the air velocity is high due to a large temperature
gradient-induced convection, it will cool the mold temperature faster and speed up the
solidification. The model assumed a vacuum between the mold and the furnace, leaving no
room for any convection to occur in that region. With air between the mold and the
furnace walls, simulated solidification time for In718 may decrease.
Finally, a. simulation run with the time scale (actual) for completion on the order of
a few hours, such as those described here, appears to be accurate enough to be able to
display general changes in solidification patterns of a casting. For more greater accuracy
of the resulting profiles, the time scale will increase, which may not be desirable when a
quick prediction of solidification behavior is needed. Therefore, when choosing run
parameters, consideration should be given both to the level of accuracy of the calculation
and the efficiency of the simulation program.
4.4 Turbulence and Mold Filling
While the process analyses were performed assuming an initially filled mold, the
filling process itself can often lead to defects in a casting. One such mechanism is transient
melting and re-freezing at the solidification front due to turbulent temperature fluctuations,
which results in a spot of low solute concentration. It is thus important to determine the
intensity of the turbulence during the filling process, and the relationship between its decay
and the advance of the solidification front.
Figure 4-,6 shows the cross section of a hypothetical turbine blade of varying
thickness, and the associated turbulence decay time as a function of position, calculated for
typical thickness of turbine blades (0.5 cm) and turbulent kinematic viscosity (~10v,minar)
for Ni-based superalloys. The strong thickness dependence of decay time leads to a very
strong peak in decay time in the thickest part of the casting, which will thus have the
highest probability of defects. Figure 4-7 [42] shows the part of an isosceles wedge which
is turbulent (above the curve) as a function of Reynolds, so that, for example, at a
Reynolds number of 2000, flow will be turbulent from x/L--0.27 to x/L=1.
Figure 4-8 shows the geometry of a sample turbine blade created by the Patran
code. Figures 4-9 and 4-10 show a simulation of liquid superalloy advancing into the
mold, the former at an effective viscosity ten times the actual viscosity (to approximate the
effect of turbulence), the latter at 100 times the actual value. Note that the predicted overall
fill time does not differ considerably between the two. However, the Reynolds number at
two points in the blade section differs considerably, as shown in figure 4-11. Simulated
flow at the top of the blade reaches a peak Reynolds number of about 13000 at 10o, and
just 9000 at 100g. At the bottom foil, the situation is reversed, but only because the flow
in the former case reaches this point from the top and bottom at close to the same time.
The rapid decay of the Reynolds number in figure 4-11, and the relatively short
calculated time scale for the decay of turbulence in figure 4-6, show that turbulence is gone
by the start of solidification, and will probably not play a role in the generation of defects
for parts as thin as turbine blades.
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Fig.4-6. Thickness-dependence of turbulence decay time.
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4.5 Summary
ProCAST simulations were shown to agree well with experimental observations in
terms of mushy zone thickness. However, further model refinement may be necessary to
explain the discrepancy between calculations and experiments regarding overall
solidification times. An important result from this study is that simulations proved to be
very useful in the design of new process ccnfigurations which minimize the probability of
nucleation and growth of secondary grains on the wider platform region of the casting.
This methodology has the potential to be very important in the future design of directionally
solidified casting equipment.
5. CONCLUSIONS
Mathematical and physical modelling were employed to study directional
solidification of aerospace alloys during investment casting operations. The primary focus
of this work was centered on the macroscopic aspects of transport phenomena in the
platform region typically found in the complex geometry of turbine blade components.
The main motivation for focusing on this specific region was to investigate the inherent
formation of defects found the platform area, common in industrial production of such
components but not well understood.
In the preliminary experiments using physical modelling of an aluminum-copper
system, it was possible to study the effects of the main process characteristics. It was
found that, by employing such an alloy system and stepwise geometric configurations, it
was possible to reproduce similar behavior, in terms of formation of defects, as in the case
of an actual prototype (a typical Ni-based superalloy produced by investment casting).
Estimations were made for the order of magnitude of different process parameters
involved in directional solidification, in order to define possible flow regimes for both
materials studied (i.e., Al-Cu system and Inconel 718). For the systems investigated, it
was possible to establish the conditions necessary to minimize defect formation by avoiding
convective turbulent regimes.
Computer simulation of the solidification process was performed for both materials
to investigate the effects of different process conditions, such as imposed temperature
gradients and cooling arrangement (h), on the evolution of the solidification front. The
analysis of a large number of "numerical experiments" (simulation runs) indicates that it is
possible to control the solidification pattern around the cross-sectional change in the mold
shape by careful designs of the solidification process with suitable values for relevant
processing parameters.
6. RECOMMENDATIONS FOR FURTHER RESEARCH
The following is suggested for further studies of directional solidification of
aerospace alloys using physical and mathematical modelling.
Physical Modelling
First, the results from the computational simulation of In718 solidification should be
verified by physical modelling of In718 or another material with a similar melting range. It
will also be useful to use geometric configurations whose scale is comparable to that used
in actual manufacture lines, since the nature of a flow in a system depends greatly on the
absolute magnitude of the characteristic length. Samples thus produced then should be
given more extensive examination, so as to determine the specific differences, such as
orientation and composition, between defect grains and the primary grains. Also,
investigation of dlefect patterns on the platform regions of actual components should be
continued, with the information obtained from the physical and mathematical modelling in
mind.
Order of Magnitude Estimates
Mainly, the range of overall solidification time should be estimated, using different
combinations of heat transfer mechanisms, to be compared to the time scale of casting in
actual manufacture process. Information obtained from this step can be used in
computational modelling as well.
Mathematical Modelling
More information can be obtained from computer simulation of directional solidification by
incorporating micro-modelling in the simulation code. Attention should be paid, howevei,
to program a run that can be completed in a relatively short period of time, for efficiency
reasons. Given the rate of improvement in computational capabilities of computers, more
complex programs may be run quickly, in the near future. Also, as suggested in Section
4.5, the total solidification time for In718 should be further investigated.
Finally, a specific ranges of optimum prucess conditions for casting materials should be
obtained from the analyses that will help reduce formation of defects on the platform
regions of turbine blades and other aerospace components with stepwise cross-sectional
changes. Ultimately, a general procedure of effective and efficient modelling using both
physical and numerical methods should be established to be used in various fields.
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Appendix
Paramm,era used for Figures 4-2 through 4-5
Fig.4-2
IM - '7, V W/ir/m.Vl
Cooling rate 4.72 K/min
0.6 - 0.95
-1000 K/m
Fig. 4-3
1000 - 10000 W/m-K
Cooling rate
- 600 K/m
0.1 - 0.75
4.5 K/min
Figs. 4-4 and 4-5
h
T (oC)
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h (W/m-K)
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4500
5500
LVV IVVV ~~/I111~
1234
1334
1580
9000
10000
10000
e (emissivity)
T (oC)
820 0.6
1050 0.5
1240 0.45
1440 0.42
1600 0.413
1820 0.42
G
Cooling rate
-1000 K/m
:8.58 K/min
100
